The Hokou gecko (Gekko hokouensis: Gekkonidae, Gekkota, Squamata) has the chromosome number 2n = 38, with no microchromosomes. For molecular cytogenetic characterization of the gekkotan karyotype, we constructed a cytogenetic map for G. hokouensis, which retains the ancestral karyotype of Gekkota, with 86 functional genes, and compared it with cytogenetic maps for four Toxicofera species that have many microchromosomes (Elaphe quadrivirgata, Varanus salvator macromaculatus, Leiolepis reevesii rubritaeniata, and Anolis carolinensis) and that for a lacertid species (Lacerta agilis) with only one pair of autosomal microchromosomes. Ten pairs of G. hokouensis chromosomes [GHO1, 2, 3, Z(4), 6, 7, 8, 13, 14, and 15] showed highly conserved linkage homology with macrochromosomes and/or macrochromosome arms of the four Toxicofera species and corresponded to eight L. agilis macrochromosomes (LAG). However, GHO5, GHO9, GHO10, GHO11, and LAG6 were composed of chromosome segments that have a homology with Toxicofera microchromosomes, and no homology was found in the chromosomes between G. hokouensis and L. agilis. These results suggest that repeated fusions of microchromosomes may have occurred independently in each lineage of Gekkota and Lacertidae, leading to the disappearance of microchromosomes and appearance of small-sized macrochromosomes.
Introduction
Karyotypes of non-avian reptiles have been extensively diversified [1] since Sauropsida (all existing reptiles and birds) diverged from Synapsida around 320 million years ago (MYA) [2] . Generally, turtles have many microchromosomes, which are designated by their chromosome The Hokou gecko (Gekko hokouensis: Gekkonidae, Gekkota) is widely distributed in southeastern China; Taiwan; and the Ryukyu Islands and southern Kyushu, Japan [31] [32] [33] . The diploid chromosome number of G. hokouensis is 38 with no indistinguishable microchromosomes and it retains the ancestral karyotype of Gekkota [34] [35] [36] [37] [38] , whereas there is a regional variation in sex chromosome constitution (homomorphic sex chromosomes and ZZ/ZW-type heteromorphic sex chromosomes) [36] . In our previous study, comparative mapping of G. hokouensis homologs of the chicken Z-linked genes [39] originally revealed that G. hokouensis and birds have the same origin for sex chromosomes, which are derived from the same autosomal pair of the common ancestor. However, the process of dramatic chromosomal reorganization in this species is still unknown because the homology of G. hokouensis autosomes with those of other squamate reptiles has not yet been studied. In this study, to characterize G. hokouensis chromosomes, we constructed a comparative cytogenetic map with 86 functional genes, 18S-28S and 5S ribosomal RNA (rRNA) genes, and telomeric TTAGGG repeats by using fluorescence in situ hybridization (FISH) and compared the chromosome homology of G. hokouensis with five Episquamata species (four Toxicofera species E. quadrivirgata, V. salvator macromaculatus, L. reevesii rubritaeniata and A. carolinensis, and one lacertid species L. agilis), as well as the chicken. Here, we have delineated the process of chromosomal reorganization in Gekkota and discussed karyotype evolution in squamate reptiles.
Materials and Methods

Specimen, cell culture, and chromosome preparation
Testes, which were collected from an adult male Hokou gecko (G. hokouensis) and frozen in our previous study [39] , were used for RNA isolation. Fibroblasts from a female G. hokouensis used in our previous study [39] were recovered from liquid nitrogen and cultured. After thawing, the cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies-Gibco, Carlsbad, CA, USA) supplemented with 15% fetal bovine serum (Life Technologies-Gibco), 100 μg/ml kanamycin, and 1% antibioticantimycotic (PSA) (Life Technologies-Gibco). The cultures were incubated at 26°C in a humidified atmosphere of 5% CO 2 in air. Animal care and all experimental procedures were approved by the Animal Experiment Committee, Hokkaido University (approved no. 08-0214), and were conducted according to Regulations on Animal Experiments in Hokkaido University. For replication banding, fibroblasts in the logarithmic growth phase were incubated with 5-bromo-2'-deoxyuridine (12 μg/ml) (SigmaAldrich, St. Louis, MO, USA) for 12 h, including 45 min of colcemid treatment (120 ng/ml) (Nacalai Tesque, Kyoto, Japan), before harvest. The cells were harvested by treatment with trypsin, suspended in 0.075 M KCl at room temperature for 20 min, and fixed with methanol/ acetic acid (3:1) three times. The cell suspension was dropped on cleaned glass slides and airdried. After staining the chromosome slides with Hoechst 33258 (1 μg/ml) for 5 min, the slides were heated at 65°C for 3 min and exposed to UV light at 65°C for an additional 6 min [40] . The slides were maintained at -80°C until use. cDNA fragments of 18 functional genes (FBXW11, BRD2, CACNB4, EEF2, HDAC3, SS18,  EXOC1, RAP1GDS1, WAC, HSPA8, ATP2A2, SBNO1, MYST2, DYRK2, TTC26, SH3PXD2A,  TLOC1 , and TRIM37), which have been mapped to L. reevesii rubritaeniata and E. quadrivirgata chromosomes [9] [10] [11] , were cloned from a male G. hokouensis by using the PCR primers of our previous study [11, 13] . Testes of G. hokouensis were homogenized and lysed with TRIzol Reagent (Life Technologies, Carlsbad, CA, USA), and total RNA was extracted according to the manufacturer's instructions. The cDNA fragments were obtained using RT-PCR with Oligo (dT) [12] [13] [14] [15] [16] [17] [18] 
Molecular cloning of cDNA fragments of functional genes
FISH mapping
Chromosomal locations of 80 functional genes, 18S-28S and 5S rRNA genes, and telomeric (TTAGGG)n sequences were determined using FISH, as described previously [40, 41] . For FISH mapping of functional genes, we used cDNA fragments of 18 genes cloned from G. hokouensis in the present study and cDNA fragments of 62 genes that were cloned from three other squamate reptiles of our previous studies: 30 genes from L. agilis [13] , 31 genes from L. reevesii rubritaeniata [11] , and one gene from E. quadrivirgata (Matsubara et al., unpublished data) ( Table 1 ). For FISH mapping of 18S-28S and 5S rRNA genes and telomeric (TTAGGG)n sequences, we used a partial 1.8-kb genomic DNA fragment (pCSI1) of the 8.2-kb fragment of C. siamensis 18S-28S rRNA genes (EU727190), a 99-bp genomic DNA fragment of C. siamensis 5S rRNA genes (pCSI5S; EU723235), and biotin-labeled 42-bp TTAGGG repeat, respectively. We labeled 250 ng of DNA fragments with biotin-16-dUTP (Roche Diagnostics, Basel, Switzerland) by nick translation, according to the manufacturer's protocol. After hybridization of biotin-labeled cDNA fragments to G. hokouensis chromosomes, the probes were incubated with goat anti-biotin antibody (Vector Laboratories, Burlingame, CA, USA) and stained with Alexa Fluor 488 rabbit anti-goat IgG (H + L) conjugate (Life Technologies-Molecular Probes). Slides were subsequently stained with 0.75 μg/ml propidium iodide. Dual-color FISH was performed to compare the chromosomal locations of the 5S rRNA genes with those of the 18S-28S rRNA genes and telomeric (TTAGGG)n sequences. We labeled 250 ng of the 5S rDNA probe with digoxigenin-11-dUTP (Roche Diagnostics) and hybridized it to G. hokouensis chromosomes with biotin-labeled 18S-28S rDNA probe or biotin-labeled 42-bp TTAGGG repeat. After hybridization, the digoxigenin-and biotin-labeled probes were stained with anti-digoxigenin-rhodamine Fab fragments (Roche Diagnostics) and avidin labeled with fluorescein isothiocyanate (avidin-FITC; Vector Laboratories), respectively.
Results
Karyotype and chromosomal locations of the 18S-28S and 5S rRNA genes and (TTAGGG)n sequences Karyotyping of Hoechst 33258-stained metaphase spreads of female G. hokouensis showed a chromosome number of 2n = 38, which consisted of two pairs of large submetacentric chromosomes (1 and 2), eight pairs of large and/or medium-sized acrocentric chromosomes (3, 5, and 7-12) , four pairs of large subtelocentric chromosomes (6 and 13-15) , two pairs of small Table 1 . List of 86 cDNA clones mapped to the Hokou gecko (Gekko hokouensis) chromosomes and their chromosomal locations in the sand lizard (Lacerta agilis), the water monitor lizard (Varanus salvator macromaculatus), the butterfly lizard (Leiolepis reevesii rubritaeniata), the Japanese four-striped rat snake (Elaphe quadrivirgata), the green anole (Anolis carolinensis), and the chicken (Gallus gallus). submetacentric chromosomes (16 and 19) , one small subtelocentric chromosome pair (17), one small metacentric chromosome pair (18) , and the heteromorphic Z and W sex chromosomes: the acrocentric Z chromosome and subtelocentric W chromosomes (Fig 1) . The chromosomes were arranged according to the method described by Shibaike et al. [36] and Kawai et al. [39] . Fluorescence hybridization signals for the 18S-28S and 5S rRNA genes were localized to the pericentromeric region of chromosome 19 and proximal region of acrocentric chromosome 8, respectively (Fig 2A) . Hybridization signals of TTAGGG repeats were observed at telomeric ends of all chromosomes. An interstitial telomeric site (ITS) was found at the pericentromeric region of the long arm of chromosome 14 (Fig 2B) .
Chromosome homology between G. hokouensis and the chicken Eighty genes were newly mapped to G. hokouensis chromosomes in the present study, in addition to six Z-linked genes (ATP5A1, GHR, CHD1, DMRT1, RPS6, and ACO1/IREBP) that were mapped in our previous study [39] . We constructed a cytogenetic map for G. hokouensis with 86 functional genes (Figs 3-5) , and to the best of our knowledge, this is the first comprehensive cytogenetic map for gekkotan lizards. More than 40 metaphase spreads were observed for each gene, with hybridization efficiencies ranging from approximately 30% to 80%. Chromosome homology between G. hokouensis and the chicken was analyzed using the chicken genome database (http://www.ncbi.nlm.nih.gov/genome/guide/chicken/). Nine genes that were mapped to G. hokouensis chromosome (GHO) 1 were localized to chicken (Gallus gallus) chromosomes (GGA) 3, 12, 13, 16, and 18 (Table 1, Figs 3 & 4) . Five genes mapped to GHO2 were The cDNA fragment were obtain from G. hokouensis, which were mapped in our previous study (Kawai et al. [39] localized to GGA5 and GGA7. Seven genes on GHO3 were located on GGA8, GGA20, GGA26, and GGA28. GHO4 (the Z sex chromosome) corresponded to GGAZ, and GHO5 showed homology with GGA4p and GGA23. Five genes on GHO6 were localized to GGA2q, GGA10, and GGA13, and six genes on GHO7 were localized to GGA4q. GHO8 was homologous to GGA2p (Figs 3 & 4) . GHO9 showed homology with GGA17, GGA21, and GGA25; GHO10, with GGA14 and GGA24; GHO11, with GGA15; and GHO12, with GGA27. Six genes on GHO13 were located on GGA1q and GGA11. GHO14 was homologous to GGA1p; and GHO15, to GGA6 and GGA9 (Figs 3 & 4) . The chromosomal location of KRT8, which has not been determined in the chicken, was mapped to GHO16, and TRIM37 and AMH located on GHO17 were localized to GGA19. No functional genes were mapped to GHO18 and GHO19 in the present study.
Discussion
Karyotype and chromosomal distribution of rRNA gene clusters in Gekkonidae
The karyotype of G. hokouensis (2n = 38) is composed of chromosomes in gradually decreasing size including several small pairs but without dot-shaped microchromosomes [36, 39] . Such an arrangement is commonly observed in gekkonid karyotypes [1] . The common diploid chromosome number of most Gekko species is 38 (FN = 42), which is slightly less than that of Hemidactylus species (2n = 40-46, FN = 40-46). Comparative chromosome painting for seven Gekko and Hemidactylus species revealed that the linkage groups of chromosomes have been highly conserved within each genus and between two genera [1, 42] . This finding suggests that the variation in chromosome number between Gekko and Hemidactylus is mainly caused by centric fusion and/or fission of several chromosome pairs. In this study, 18S-28S rRNA genes were localized to the pericentromeric region of GHO19. A similar result was found for four other Gekko species, namely, Gekko shibatai, G. tawaensis, G. yakuensis, and G. vertebralis, and 11 Paroedura species of Gekkonidae, in which the Ag-NOR staining region is localized to the smallest chromosome pairs [36, 43] . However, the chromosomal locations of 18S-28S rDNA vary in other gekkotan taxa-on a pair of large or medium-sized chromosomes in Hemidactylus platyurus, Ebenavia inunguis, and Uroplatus phantasticus of Gekkonidae [42, 43] , and Gymnodactylus amarali and G. darwinii of Phyllodactylidae [44] ; and on X 1 chromosome in Coleonyx elegans of Eublepharidae [37] . These results suggest that the chromosomal locations of the 18S-28S rRNA genes are diverse in Gekkota.
Chromosomal locations of the 5S rRNA genes have not been reported for Gekkota. In this study, the 5S rRNA genes were localized to the proximal region of GHO8. The genes are located on chromosome 6q of L. reevesii rubritaeniata, which has homology with GHO8 [11, 41] , but on chromosome 8q of V. salvator macromaculatus and chromosome 7 of L. agilis, both of which are homologous to GHO3 [12, 13] . These results suggest that the chromosomal locations of the 5S rRNA genes are also diverse in squamate reptiles. 
Reorganization of macrochromosomes in Gekkota
Comparison of the cytogenetic map for G. hokouensis with those of the chicken and four episquamate reptiles (L. agilis, E. quadrivirgata, V. salvator macromaculatus, and L. reevesii rubritaeniata) revealed that 11 chicken macrochromosomes and/or macrochromosome arms (GGA1p, GGA1q, GGA2p, GGA2q, GGA3, GGA4q, GGA5, GGA6, GGA7, GGA8, and GGAZ), which showed homologies with most of the macrochromosomes of the three Toxicofera species and eight macrochromosomes of L. agilis, were highly conserved in 10 chromosomes of G. hokouensis [GHO1p, GHO2, GHO3, GHOZ(4), GHO6, GHO7, GHO8, GHO13, GHO14, and GHO15] ( Table 1, Figs 3-5) . These results collectively suggest that the linkage groups of the chicken, Toxicofera, and Lacertidae are also highly conserved in G. hokouensis, although G. hokouensis, as well as L. agilis, has a diversified karyotype. Therefore, comparative cytogenetic maps of the representatives of the three taxa (Toxicofera, Lacertidae, and Gekkota) enable us to delineate the process of karyotypic reorganization in squamate reptiles based on the most parsimonious explanation for chromosomal rearrangements.
GHO13 corresponds to L. reevesii rubritaeniata chromosome (LRE) 3q (LRE3q), and GHO15 to LRE3p. This indicates the possibility that LRE3 resulted from centric fusion of the acrocentric proto-GHO13 and proto-GHO15 (Fig 6A) and that the present subtelocentric GHO13 and GHO15 are derivatives of the ancestral type of acrocentric chromosomes homologous to L. agilis chromosome (LAG) 4 (LAG4) and LAGZ(5) (Figs 5&6A). Alternatively, the Cytogenetic map of Gekko hokouensis, which shows chromosome homologies with the chicken and five squamate reptiles. This map was constructed with 86 functional genes and 18S-28S and 5S rRNA genes. Chromosomal locations of ATP5A1, GHR, CHD1, DMRT1, RPS6, and ACO1/IREBP were obtained from Kawai et al. [39] . The idiogram of G. hokouensis chromosomes was constructed according to Hoechst 33258-stained band patterns. Locations of the genes on G. hokouensis chromosomes are shown to the right of the chromosomes. The chromosome numbers show the chromosomes of the chicken (Gallus gallus, GGA), green anole (Anolis carolinensis, ACA), butterfly lizard (Leiolepis reevesii rubritaeniata, LRE), Japanese four-striped rat snake (Elaphe quadrivirgata, EQU), water monitor lizard (Varanus salvator macromaculatus, VSA), and sand lizard (Lacerta agilis, LAG), which show homologies with G. hokouensis chromosomes. no, no data on chromosome homology; un, a gene whose chromosomal location remains undetermined. Orange highlight indicates the genes that are homologous to chromosome segments of LAG. These genes are located on LRE, EQU, or VSA microchromosomes. The chromosomal locations of genes in the squamate reptiles were obtained from the following sources: L. reevesii rubritaeniata from Srikulnath et al. [11] , A. carolinensis from Alföldi et al. [14] , E. quadrivirgata from Matsubara et al. [9, 10] , V. salvator macromaculatus from Srikulnath et al. [12] , and L. agilis from Srikulnath et al. [13] . doi:10.1371/journal.pone.0134829.g004
Karyotypic Reorganization in Gekko hokouensis (Gekkonidae) present form of GHO13 and GHO15 can be explained by centric fission of an ancestral biarmed chromosome homologous to LRE3, followed by pericentric inversion or centromere repositioning. However, a centric fusion event is more likely, considering that Gekkota is phylogenetically located at the basal position and that Lacerta is positioned in a lineage different from Toxicofera [6] . Comparative cytogenetic maps of macrochromosomes among Gekko hokouensis, Lacerta agilis, Varanus salvator macromaculatus, Leiolepis reevesii rubritaeniata, and Elaphe quadrivirgata, which were constructed with 68 functional genes. The chromosome map of L. reevesii rubritaeniata (LRE) was obtained from Srikulnath et al. [11] . The idiogram of E. quadrivirgata (EQU) macrochromosomes was obtained from Matsuda et al. [8] and chromosomal locations of the genes in E. quadrivirgata, from Matsubara et al. [9, 10] . The chromosome map of V. salvator macromaculatus (VSA) and L. agilis (LAG) were obtained from Srikulnath et al. [12, 13] . G. hokouensis chromosomes GHOZ, GHO6, GHO7, GHO12, and GHO15 and LAGZ, LAG8, LAG10, VSA3, VSA6, VSA7, EQU5, and EQU7 are inverted to facilitate comparison. GHO3 and GHO6 are homologous to LRE4q and LRE4p, respectively. GHO8 corresponds to LRE6q and GHO12, to LRE6p. These four GHO chromosomes may have been derived from centric fission of the ancestral bi-armed macrochromosomes or the bi-armed chromosomes may have resulted from centric fusion of the ancestral types of acrocentric chromosomes (Figs 6B&6C). However, centric fusion is most likely because GHO3, GHO6, GHO8, and GHO12 are considered the prototypes in the lineages of squamate reptiles, according to the phylogenetic relationship in which Gekkota are located near the basal position [6] .
FISH analysis with telomeric TTAGGG repeats successfully detected an ITS in the pericentromeric region of GHO14, which is considered to be a relic of tandem fusion of chromosomes [41, 45, 46] (Figs 2&4); this suggests the occurrence of chromosome fusion between a microchromosome (GHO14p) and the acrocentric proto-GHO14q in G. hokouensis. The bi-armed LRE5 may have resulted from centric fusion between the acrocentric proto-GHO14q and proto-GHO7 (Fig 6D) .
However, two of the largest chromosome pairs (GHO1 and GHO2) are bi-armed chromosomes. GHO1p is homologous to LRE1p and LAG3; however, the gene order of GHO1p is different from that of LRE1p and LAG3. Considering the phylogenetic positions of Gekkota and Lacerta, it is most likely that LRE1 resulted from centric fusion between LAG1 and the acrocentric proto-GHO1p, followed by paracentric inversion in LRE1p. Proto-GHO1p may have fused with the acrocentric proto-GHO1q in G. hokouensis, leading to the present biarmed GHO1. LAG3 may have been derived from proto-GHO1p by a large paracentric inversion (Fig 7A) . GHOZ is homologous to LRE2p and GHO1q, to LRE2q (Fig 7B) . LRE2 was probably derived from centric fusion between the acrocentric proto-GHOZ and protoGHO1q, followed by paracentric inversions in LRE2q, based on the evidence of chromosome homology with the other three Toxicofera species (Fig 5) and their phylogenetic relationships [6] .
LRE1p is homologous to GGA3 and LRE1q, to GGA5 and GGA7. LRE2p is homologous to GGAZ (Table 1 and Fig 4) . Pokorná et al. [47, 48] conducted chromosome painting of 13 squamate reptiles that are grouped into Episquamata and Scincoidea clades, which are phylogenetically distinct from Gekkota, by using GGA3, GGA5, GGA7, and GGAZ probes. The results showed that a short arm of a bi-armed macrochromosome pair was painted with GGA3 and a long arm with GGA5 and GGA7 in most species. GGAZ was homologous to either the short arm of the bi-armed macrochromosome pair or acrocentric chromosomes. These results suggest that LRE1, LRE2, and GHO1 are derived from centric fusion between the ancestral types of acrocentric chromosomes.
GHO2 is also supposed to have occurred by centric fusion of the acrocentric proto-GHO2q and proto-LAG1, followed by a small pericentric inversion ( Fig 7C) ; however, chromosomal rearrangements that occurred on GHO2q could not be estimated precisely because no GHO2q homologs have been mapped to chromosomes of other species. LAG1 may have been obtained from proto-LAG1 by paracentric inversion.
Karyotype data for Gekkota suggest that a typical gekkonid karyotype is composed of a graded series of acrocentric chromosomes with few or no bi-armed chromosomes and no distinct boundary between macrochromosomes and microchromosomes. The 2n = 38 acrocentric karyotype is considered to be the ancestral karyotype common in Gekkonidae [36, 38] , Diplodactylidae [34, 35] and Eublepharidae [37] , except Phyllodactylidae (2n = 32-44) [44, 49] , Shaerodactylidae (2n = 32-44) [50, 51] . Changes in chromosome numbers and fundamental numbers are predominantly reflected by fusions and fissions, and pericentric inversions and/or centromere repositioning, respectively [42, 52, 53] . The results of the present study suggest that the acrocentric macrochromosomes of G. hokouensis retain the ancestral type of Gekkota chromosomes and that most of the bi-armed chromosomes in Episquamata may have been formed by centric fusion of the ancestral acrocentric chromosomes, which had been contained in the ancestral karyotype of Gekkota (Figs 6&7).
Reorganization of microchromosomes in Gekkota
Considering that karyotypes with many microchromosomes are found in majority of the squamate reptiles, it is most likely that the ancestral karyotype of squamate reptiles was composed of both macrochromosomes and microchromosomes [1, 15] , and that all or most of the microchromosomes were lost in the lineages of Gekkota and Lacertidae. Four pairs of G. hokouensis chromosomes (GHO5, GHO9, GHO10, and GHO11) and one pair of L. agilis chromosomes (LAG6) are composed of tandem fused-chromosome segments that have homologies with microchromosomes of L. reevesii rubritaeniata, E. quadrivirgata, and V. salvator macromaculatus [13, in this study]. Insertions or fusions of microchromosome segments were also found in GHO3, GHO6, GHO13 and GHO14, and LAG1 and LAG2 (Table 1 , Figs 4&5) [13] . These results collectively suggest that the disappearance of microchromosomes in G. hokouensis and L. agilis was due to repeated fusions between microchromosomes and/or macrochromosomes and microchromosomes that existed in the ancestral karyotype of squamate reptiles. This process probably occurred independently in each lineage of Gekkota and Lacertidae because no homology was found in the chromosomes, which resulted from insertions or fusions of microchromosomes, between the two lineages. However, comparative gene mapping for species that are closely related to Gekkota or Lacertoidea, such as Dibamidae with few or no microchromosomes (as is obvious from Fig 1 of Cole and Gans [54] ) or Gymnophthalmidae and Amphisbaenia with many microchromosomes [1, 29, [55] [56] [57] , and far-related Sphenodontidae species with several pairs of microchromosomes [58] is required to discuss karyotype evolution in squamate reptiles in more detail.
In this study, a comparison of the cytogenetic maps of six squamate reptiles (G. hokouensis, L. agilis, E. quadrivirgata, V. salvator macromaculatus, L. reevesii rubritaeniata, and A. carolinensis) enabled us to delineate the process of chromosomal reorganization in Gekkota, Lacertidae, and Toxicofera. These cytogenetic data would also be an essential prerequisite for the future genome projects of squamate reptiles, for example, de novo sequence assembly after whole-genome sequencing by using next-generation sequencing technology. These data will provide insight into the phylogenetic hierarchy of genome evolution in squamate reptiles.
Data Availability
All relevant data are within the paper. 
Author Contributions
